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Broadband Optical Characterization of Semiconductors and Metal:Semiconductor 
Nanocomposites 

Abstract 
This instrumentation enhanced our characterization capabilities over the mid-infrared, far-

infrared, THz, and sub-THz regions of the electromagnetic spectrum.  Specifically, we received a 
Fourier transform infrared (FTIR) spectrometer/IR-microscope and associated accessories to probe the 
optical properties of the nanostructured materials we prepare by molecular beam epitaxy and other 
synthesis techniques.  The requested instrumentation has enabled us to (1) optically study structures 
emitting/absorbing >5 µm where our grating spectrometer systems become insensitive and (2) readily 
characterize patterned structures electrically and optically, greatly enhancing our device characterization 
capabilities.  For example, these capabilities have enabled us to measure the absorption properties of 
emergent photodetector materials, such as AlInAsSb digital alloys grown on GaSb.  The instrumentation 
has also enabled us to directly measure the plasmonic response of doped semiconductors and 
semimetallic rare earth monopnictides, as well as the optical resonances associated with buried dielectric 
structures.  This has greatly enabled our work in the burgeoning fields of epitaxial plasmonics and high-
contrast photonics, which could enable the integration of plasmonic functionality into the heart of 
photonic devices. 

This tool has established manifold new research capabilities and has already been used by 
roughly a dozen researchers at UT-Austin, as well as several others from other leading research 
universities.  These critical new capabilities (lifespan 15-20 years) have dramatically enhanced the PI’s 
current, upcoming, and long-term research efforts sponsored by DoD, while providing hands-on 
experience characterizing new state-of-the-art materials/devices to a number of future scientists and 
engineers.  Moreover, the advances in nanostructured materials that this instrumentation has enabled 
have manifold application to future strategic DoD capabilities in (multi-modal) sensing, 3-D LIDAR, 
laser-based countermeasures, free-space communications, security screening, IED detection, and 
chemical/gas sensing. 
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1. Request for Instrumentation 
 The PI is involved in a number of current research efforts sponsored by DoD, with application to 
strategic capabilities in multi-modal sensing, 3-D LIDAR, laser-based countermeasures, free-space 
communications, high-speed transistors, security screening, IED detection, chemical/gas sensing, energy 
harvesting, etc.  This work is enabled by the nanoscale design and synthesis of novel materials, 
including metal:semiconductor nanocomposites (metallic nanostructures embedded in a semiconductor 
matrix) and semiconductor nanostructures, using the molecular beam epitaxy (MBE) crystal growth 
technique.   

With this DURIP instrumentation, we enhanced our capabilities for characterizing materials and 
devices.  In particular, the specific instrumentation is a high-resolution, broadband, Fourier transform 
infrared (FTIR) spectrometer with infrared microscope, as well as an optical table to serve as a platform 
for the instrumentation and associated experimental setups.  As illustrated in the following sections, this 
instrumentation has greatly enhance our spectroscopy and device characterization capabilities by 
providing: (1) high-resolution, broadband, spectroscopy capabilities to augment our mid-infrared and 
THz materials work, (2) local probing of patterned structures to greatly enhance/improve materials and 
device characterization capabilities.   

The instrumentation acquired though this DURIP award represents a strategic DoD investment 
opportunity to (1) enable future systems based upon new nanostructure-based device technologies and 
(2) educate graduate and undergraduate students in the strategically important sciences of nanostructured 
materials, optics, electronics, and optoelectronics. 

2. Overview of Instrumentation and Installation 

The instrumentation, shown in Figure 1a, has greatly enhanced the PI’s current and long-term 
research.  Specifically, to fully and expeditiously investigate the growth of novel nanostructures and 
emergent photonic materials, as well as demonstrate new device functionality from these materials, we 
require improved material/device characterization capabilities: (1) broadband spectroscopy and (2) 
spatially-resolved optical access. 

These two measurement capabilities required two 
systems (Figure 1a) that are coupled together: (1) a high-
resolution FTIR (spectral range given in TABLE I) and (2) an 
infrared microscope, as well as an optical table.  These two 
systems have been integrated together by Bruker; additionally, 
Bruker offers unique performance capabilities, relative to other manufacturers.1  As discussed in the next 
section, the acquired instrumentation has established manifold new research avenues in manipulating 
and controlling the electrical and optical properties of new semiconductor alloys, semimetallic alloys, 
and metal:semiconductor nanocomposites, enabling novel device architectures in key DoD areas of 
interest including sensors and sources in the mid-IR, long-wave IR, and THz.  
 

                                                
1 e.g. The Bruker FTIR is protected by US 5309217; DE 4212143; US 7034944; US 5923422; DE 19704598. 

TABLE I.  FTIR SPECTRAL RANGE. 

Quan%ty( Lower(Bound( Upper(Bound(

Wavenumber* 10*cm.1* 15,500*cm.1*

Frequency* 0.3*THz* 465*THz*

Wavelength* 1,000*μm* 645*nm*
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Figure 1. (a) Photograph of the interconnected Bruker v80 FTIR (right) and Hyperion IR microscope (left).  
Optical system of the (b) FTIR and (c) microscope.  Note the extended beam path within the FTIR; in conjunction 
with an evacuated housing, this patented design enables extremely broadband optical response and high spectral 
resolution. 
 

The DURIP Awards were announced at the end of May 2014; after final configuration was 
determined and the purchase order was placed, the lab space was renovated while the instrument was 
being built and shipped.  The instrumentation was delivered to and installed at UT by Bruker engineers 
in December 2014, as shown in the Figure 2.  Bruker scientists also came for two days in March 2015 to 
give a seminar and train students across UT, as well as run research samples to highlight the capabilities 
of the instrumentation. This presentation was open to the public and was attended by >50 scientists and 
engineers from the greater Austin area.  

 

 
 

Figure 2. Photograph of the installed FTIR and IR microscope installed in the PI’s lab at UT-Austin. 

(a)$

(b)$ (c)$
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3. Examples of Research Benefitting from the Requested Instrumentation  

Here, we present a few salient examples of how we have employed this instrumentation to our 
research to illustrate its broad applicability, for both our internal and collaborative research. 

3.1. Emerging Photonic Materials 

3.1.1. Doped-Semiconductor Plasmonics 
There is a great need to develop nanophotonic components in the mid infrared, ~3-5 µm, for a 

number of applications in gas sensing, 3-D laser radar, and free-space/integrated data links at the various 
atmospheric transmission windows, in particular those between ~3-4 µm.  Plasmonics offer the prospect 
of significant device scaling to reduce SWaP and increase integration density for systems, as well as for 
enhancing device performance and potentially realizing fundamentally new functionality. 

The plasma frequency, wp, is essentially the highest optical frequency that a material will 
respond to like a metal (i.e. with a free electron plasma).  To first order, wp is given by: 
 

 
 
where N is the active electron concentration, e is the fundamental charge, m* is the electron effective 
mass, e0 is the permittivity of free space, and n0,InAs is the refractive index. Increasing the plasma 
frequency is straightforward to accomplish with increasing (active) doping, N. 

Glazov and co-workers studied several alternative n-type dopants (sulfur, selenium, and 
tellurium) for InAs using direct fusion in a sealed ampoule, in concert with annealing and quenching 
steps [1].  Significantly higher electron concentrations were achieved with sulfur, with close to unity 
dopant activation >7×1020 cm-3, close to what is required to build devices operating at 5 µm.  This is a 
very promising avenue to pursue, particularly if higher doping concentrations could be achieved with 
modern kinetically-limited synthesis techniques.  Through an ARO STIR Award, we sought to compare 
sulfur-doped InAs to our best silicon-doped InAs to evaluate whether it would be an attractive 
alternative to accessing shorter wavelengths with doped-semiconductor plasmonics.  

Each experiment began with the MBE growth of a 200 nm layer of undoped InAs on 3-inch 
diameter semi-insulating GaAs wafers.  Wafers were then ion-implanted with varying sulfur doses at 
peak concentration depths of 50 nm, providing ~100 nm of sulfur-doped InAs.  This was thin enough to 
remain achievable by singly-ionized ion implantation, yet thick enough for accurate determination of the 
active carrier concentration and plasma wavelength by Hall effect and reflectivity measurements.   

Optical reflectivity was performed with the FTIR spectrometer; representative results are plotted 
in Figure 3, along with a high-quality MBE-grown silicon-doped InAs sample for reference.  Due to the 
thinner layers, which were limited by the constraints of ion implantation, the InAs:S samples did not 
exhibit as well-defined a Drude edge in reflectivity as the thicker InAs:Si samples.  Surprisingly, the 

ω p ≈
Ne2

m*ε0n0,InAs
2
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plasma frequencies were unexpectedly low in the sulfur-doped samples, inconsistent with the 
calculations using the measured sheet concentrations and mobilities.  We determined that the issue was 
sulfur diffusion, which was evident in complementary secondary ion mass spectrometry (SIMS) 
measurements.   

 
Figure 3.  Optical reflectivity of InAs:S samples with implantation doses of 1×1015 and 3.16×1015 cm-2 sulfur 
atoms, compared with a reference InAs:Si.  As expected, the implanted structures exhibited a more gradual Drude 
edge, which was attributed to the thinner doped regions; however, the measured plasma frequencies were 
significantly lower than expected from the Hall Effect data.  

 
           (a)                    (b)                  (c) 
 
Figure 4. (a) Single step staircase APD result showing a gain of ~2x over a wide range of test conditions, 
consistent with theory.  AlInAsSb homojunction pin detectors (b) showing tunable cutoff wavelength with 
composition and (c) low excess noise, comparable to that of silicon, when operated as a conventional APD. 

3.1.2. Digital Alloys for Avalanche Photodiodes (APD) 
Through ARO and DARPA support, we have developed the growth of AlInAsSb digital alloys, 

lattice-matched to GaSb substrates. In collaboration with Prof. Joe Campbell at the University of 
Virginia, as illustrated in Figure 4, these alloys uniformly exhibit low excess noise and when used as the 
multiplier in avalanche photodiodes (APD) and offer seamless band engineering capabilities needed for 
advanced detector structures like the staircase APD. The FTIR was used to study the absorption spectra 
by measuring the transmission and reflection signal from our digital alloy materials. Figure 5 shows an 
example reflectance spectrum used to calculate the absorption coefficients of the bulk digital alloy 
samples. These measurements were performed by an NSF summer REU student. 

StepEc
Ev

G
ai

n

Wavelength (nm)

G
ai

n

InAsSb (step) absorption

Bias (V)
400 600 800 1000 1200 1400 1600
0

10

20

30

40

50

60

70

80
 

 

Q
ua

nt
um

 E
ffi

ci
en

cy
 (%

)

Wavelength (nm)

Al %
Increasing

1064 1310 1550

k = 0

k = 0.3

k = 0.6

0 5 10 15 20 25

2

4

6

8

10

12

14

16

 

 

Ex
ce

ss
 N

oi
se

 F
ac

to
r F

<M
>

Multiplication Gain

 Al0.7In0.3As0.3Sb0.7

 Al0.6In0.4As0.4Sb0.6

 Al0.5In0.5As0.5Sb0.5

Ex
ce

ss
 N

oi
se

 F
ac

to
r, 

F 
  

Multiplication Gain, M

*+, = -.-.



 

6 
 

 
Figure 5. Optical spectra from AlInAsSb films lattice-matched to GaSb substrates.  The aluminum composition 
of each is noted as a percentage of the group-III mole faction.  

 
                               (a)            (b)                (c) 
 
Figure 6. Illustrative results on BGaAs grown on GaP-on-Si and GaP substrates.  (a) X-ray diffraction (XRD) 
reciprocal space map showing a BGaAs/GaP quantum well is coherent to the GaP and Si underlayers (all peaks 
lie along a vertical line, indicating they all share the same in-plane lattice-constant).  (b) Absorption 
measurements of BGaAs films on (transparent) GaP substrates, showing a direct-gap absorption edge, consistent 
with theoretical predictions. (c) Current-voltage characteristics of a prototype BGaAs/GaP metal-semiconductor-
metal photodetectors under dark (black) and light (blue) conditions as a device proof-of-concept. 

3.1.3. Direct Bandgap Materials Lattice-Matched to Silicon 
The fundamental challenge with silicon as a photonics platform is the lack of a direct-bandgap, 

type-I quantum well, diode laser materials system that can be lattice-matched to silicon. Unfortunately, 
existing monolithic approaches (i.e. grown directly on Si) have not yielded direct-bandgap materials that 
can be lattice-matched, or nearly lattice-matched, to silicon.  Introducing boron (B) into GaAs has 
enabled the first direct-bandgap semiconductor alloy system that can be lattice-matched to silicon.  In 
particular, our recent breakthrough in the growth of high B% BGaAs alloys has yielded the first type-I 
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direct bandgap quantum well materials system that can be lattice-matched to silicon.  Growth results on 
GaP and GaP-on-Si templates are summarized in Figure 6.  As seen in the X-ray diffraction (XRD) 
reciprocal space map in Figure 6a, we have produced coherent BGaAs/GaP quantum wells with <1.5% 
strain on silicon.  We have also demonstrated thicker coherent films ideal for photodetectors.   

This DURIP has been instrumental in determining that these materials are direct bandgap, via 
transmission and reflection measurements.  Specifically, using thicker films grown on (transparent) GaP 
substrates, we have determined the absorption spectrum of BGaAs shown Figure 6b.  Using the Tauc 
plot approach – where the product of the absorption coefficient, α, and the photon energy, hν, is squared 
and plotted against hν – allows for (1) determination of the bandgap (zero crossings of dotted lines in 
Figure 6b), as well as (2) determining whether the material is direct bandgap (linear slope above the 
bandedge). Specifically, for a direct bandgap semiconductor, this quantity should increase linearly above 
the bandgap energy, Eg. Since (αhν)2 = hν − Eg rises linearly with photon energy in Figure 6b, this is 
consistent with a direct-bandgap, both in spectral shape and in magnitude.  We have also demonstrated 
proof-of-concept BGaAs MSM photodetectors on a transparent GaP substrate, shown in Figure 6c. 

3.1.4. Dissimilar Materials Integration: Semiconductors, Metals, and Dielectrics 
We have been studying the epitaxial integration of metals and dielectrics with optically active 

semiconductor materials in order to create embedded optical structures and devices. In pursuit of this 
goal, under an AFOSR MURI, we demonstrated wavelength-scale silicon dioxide gratings embedded in 
high-quality GaAs and InAs grown by MBE. The high refractive index contrast of these grating 
structures allows for a variety of unique features including unity reflection and guided mode resonance; 
indeed, the DURIP instrumentation has been instrumental in characterizing these optical properties.  

From finite-difference time-domain (FDTD) calculations, this material system was projected to 
have significant changes in reflectivity associated with interference between the planar top surface of the 
GaAs/Air interface and the high-contrast gratings. To characterize reflectivity, FTIR spectroscopy was 
used to measure the reflectivity of sample structures in the window of transparency from 1.25-5 µm. As 
control, two structures were measured, the grating as-fabricated without regrowth and an unpatterned 
MBE-grown GaAs samples, as these were anticipated to have limited changes in reflectivity over this 
spectral range.  
 The measured reflectivity of all samples is shown in Figure 7a. As expected, changes in 
reflectivity were observed in the encapsulated grating sample (black curve) taking the form of 
oscillations associated with interference fringing. Also, as expected, constant reflectivity was observed 
in both controls at the level of the theoretical response near 30%. This confirms that the changes in 
reflectivity are a result of the interaction between the planar GaAs top surface and encapsulated high-
contrast grating.  As shown in Figure 7b, we found excellent agreement between the FDTD reflectivity 
(and transmittance) spectrum and the experimental FTIR spectra. 
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Figure 7. (a) Reflectivity spectra of encapsulated grating sample (black curve) and its two controls, as-grown 
GaAs with no grating (green curve) and as-fabricated grating without growth (magenta curve). Left: Sample 
structures. (b) FDTD reflectivity (and transmittance) spectrum closely matches the FTIR-measured grating 
spectra. 

 
 The FTIR was particularly essential when we investigated the post-growth selective lateral 
etching of the silicon dioxide gratings to increase the achievable refractive index contrast in these 
structures. The lateral etching process, illustrated in Figure 8a, was monitored by observing the 
intensity of the silicon dioxide resonance in the FTIR reflectance spectrum, seen in Figure 8b. The 
absence of the absorption peak at 1063 cm-1 indicates complete removal of the silicon dioxide. This 
demonstrates a process for the formation of epitaxially embedded air nanostructures with high refractive 
index contrast for applications in enhanced nanophotonic devices. 

  
    (a)          (b) 
 
Figure 8. (a) Post-growth etching of the silica features to increase dielectric contrast. (b) The disappearance of the 
silica absorption resonance at 1063 cm-1 was used to determine complete removal of the silicon dioxide. 

 
Through an AFOSR program, we also investigated whether it was similarly possible to embed 

patterned semimetal layers into III-V matrices, using a combination of ex situ patterning and in situ 
selective-area growth.  To this end, we developed a patterning/regrowth process and characterized the 
deposition of semimetallic ErAs on a variety of V-groove templated surfaces using a variety of 
electrical, optical, structural, and chemically-sensitive techniques.   
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To study the optical properties of ErAs deposited on templated substrates, spatially-resolved 
reflectivity spectra were collected with the 36x objective of the Bruker Hyperion 1000 IR microscope 
and spectrally-resolved with the Bruker Vertex 80V FTIR.  Line scan reflectivity spectra, normalized to 
the reflectivity of a gold standard, are plotted in Figure 9.  These are 75 line scans taken 1.023 μm apart.  
We attribute the abrupt rise in reflectivity beyond ~15 µm to the plasma frequency of the n-type GaAs 
substrate.  At shorter wavelengths, there are a variety of spectral features that are significantly more 
pronounced in the samples with ErAs (Figure 9b and 9c) than the control without ErAs (Figure 9a).  
While this is very encouraging, though we do not yet know if these are truly due to wire formation or 
simply increasing the surface reflectivity, due to the large magnitude of the ErAs dielectric constant at 
these wavelengths, which will be addressed most directly with chemically-sensitive techniques like 
energy-dispersive X-ray spectroscopy (EDS) or X-ray photoelectron spectroscopy (XPS).  
 

 
 
     (a)       (b)    (c)         (d) 
 
Figure 9.  Optical reflectivity of V-groove structures, as a function of wavelength and position, measured with a 
FTIR and IR-microscope.  (a) Patterned ErAs-free control, (b) 1 ML equivalent ErAs deposition, (c) 4 ML 
equivalent ErAs deposition, and (d) plan-view microscope image showing the measurement direction. Arrows 
indicate the scan direction. 

3.2. Collaborations 
 The FTIR system has been instrumental in allowing us to measure microscopic material and 
geometric features that are readily identifiable in the near to mid-IR. In collaboration with Prof. Mikhail 
Belkin’s group at UT, as shown in Figure 10, we were able to use our FTIR to measure the polarization-
dependent response of nonlinear intersubband polaritonic metasurfaces. These devices allow desirable 
nonlinear device performance, such as frequency mixing, to occur at significantly lower pumping 
intensities that are below materials’ damage threshold. This measurement would not have been possible 
without the FTIR and Hyperion microscope because these micron-scale features are very sensitive to 
orientation due to their strong polarization dependence. With the FTIR and microscope, we could isolate 
individual metasurfaces and insure they were correctly aligned – neither would be possible with a 
traditional FTIR nor optical reflectance set-up. 

Scan 
Position 

No ErAs 1ML ErAs 4ML ErAs 
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Figure 10. (a)–(c) Perspective scanning electron microscope images (rotated in-plane by 45° and tilted 30° from 
normal) of the intermediate steps in fabrication of an incomplete-metal-back-plane metasurface. The inset graphic 
depicts a side view of the material stack present in each step. (a) Image of the SiNx dielectric hard mask used to 
etch the multi-quantum wells (MQW) following an electron-beam lithography step. (b) Image of the MQW 
nanoresonators capped with SiNx following an inductively coupled plasma etch. (c) Image of the fabricated 
metasurface following removal of the SiNx hard mask and gold evaporation formation of the incomplete metal 
backplane and plasmonic-cap. (d) Linear absorption spectra for x- and y-polarized light (red and blue curves, 
respectively) of the fabricated incomplete- backplane metasurface 
 
 We used the same capabilities to characterize the properties of optically active structures 
fabricated by “point-and-shoot” strategies by our collaborator Prof. Yuebing Zheng at UT.  Prof. 
Zheng’s group fabricated and modeled the structures and we used the Bruker Vertex v80 FTIR and IR 
microscope to confirm their simulations. As shown in Figure 11, site-specific fabrication of optically 
active Ag rings were demonstrated by inducing stable microbubbles over an Au nanoisland substrate, 
generated using a continuous-wave laser at low power (≈0.5 mW µm-2), with representative reflectance 
spectra shown in Figure 12.  
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(dimensions given in Fig. 1b). An ICP-RIE process was then 
used to define the QW nanocavities using  SiNx as a dielectric 
hard mask. Finally, the  SiNx was selectively removed, and 
the incomplete-metal backplane and top gold were simulta-
neously created by a single 50-nm-thick evaporation of Au 
at normal incidence. The spectral and reflectance response 
of the nanoresonator antennas was determined from a reflec-
tance measurement in a FTIR microscope system for inci-
dent x- and y- polarized light and given in Fig. 3d, where we 
note strong absorption resonances at the FF and SH frequen-
cies of 955 and 1910 cm−1, in agreement with our numerical 
simulations.

3  Metasurface characterization

Neglecting the pump depletion due to frequency conversion, 
the SHG intensity I2ω is given as follows [10]:

where d  ≈ 400 nm is the thickness of the nonlinear MQW 
region, 2ω is the SH frequency, and Iω is the FF field inten-
sity, and we assumed the FF beam to be polarized along 
x-direction and the SH beam to be polarized along y-direc-
tion (cf. Fig. 1 or Fig. 2). In our analysis below, we also 
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assume a Gaussian beam intensity distribution in the FF and 
SH waves, with the FF beam given as follows:

and the SH beam described as

We experimentally characterized the nonlinear response 
of both metasurfaces in a reflection configuration using the 
experimental set-up described in Fig. 4a. Normally incident 
light from a wavelength-tunable quantum-cascade laser 
(QCL, Daylight Solutions, Inc.) operating in pulsed mode 
(250 kHz repetition rate with 400-ns pulse width) is tuned 
to the MQW nonlinearity peak at 10.45 µm and focused 
onto the metasurface by a collimating lens (NA = 0.5, with 
focal spot diameter 2w0 = 35 µm measured by the knife-
edge technique) after passing through a half-wavelength-
plate for polarization control and a long-wavelength-pass 
filter with transmission cutoff below the FF light operating 
as a beam splitter. The reflected SH light is discriminated 
from the pump by a ZnSe wire-grid linear polarizer to pass 
the y-polarized SH light and block the x-polarized FF and 
a short-wavelength-pass filter with a wavelength cutoff 
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Fig. 3  a– c Perspective scanning 
electron microscope images 
(rotated in-plane by 45° and 
tilted 30° from normal) of the 
intermediate steps in fabrication 
of an incomplete-metal-back-
plane SHG metasurface. The 
inset graphic depicts a side view 
of the material stack present 
in each step. a Image of the 
 SiNx dielectric hard mask used 
to etch the MQWs following 
an electron-beam lithography 
step. b Image of the MQW 
nanoresonators capped with 
 SiNx following an inductively 
coupled plasma etch. c Image 
of the fabricated metasurface 
following removal of the  SiNx 
hard mask and gold evaporation 
formation of the incomplete-
metal backplane and plasmonic-
cap. d Linear absorption spectra 
for x- and y-polarized light (red 
and blue curves, respectively) 
of the fabricated incomplete-
backplane metasurface
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Figure 12. (a) Fabrication of Ag lines by a laser beam below the bubble-generation threshold power. The 
linewidth increases when the laser power is increased from 0.2 to 0.5 mW μm-2. The bubble is observable when 
the laser beam is at the end of the line. (b) Arrays of Ag inverted-U structures fabricated by a laser beam below 
the bubble-generation threshold power. (c) Dark-field optical image of an Ag ring array fabricated at a laser 
power of 0.75 mW μm-2. The inset shows the bright-field optical image. (d)–(f) Dark-field optical images of 
arrays of Ag rings of variable sizes. The incident laser power is (d) 0.55, (e) 0.81, and (f) 0.95 mW/μm2. The scale 
bar is 10 μm for all the panels.  
 

 
Figure 13. (a) The relative transmittance spectra of the arrays of Ag rings fabricated at the variable laser power. 
The spectra were normalized with respect to that of the Au nanoisland substrate as background. The inset shows 
representative SEM images of four individual rings that increase their diameters (1.08, 1.35, 1.67, and 2.02 μm) 
when the incident laser power changes from 0.53 to 0.89 mW μm−2.  
 
  With Prof. Zheng’s group, we also studied the optical properties of graphene metasurfaces with 
moiré patterns, fabricated via a cost-effective and scalable technique: moiré nanosphere lithography. The 
experimental measurements shown in Figure 14 that the graphene moiré metasurfaces support tunable 
and multiband optical responses, due the size and shape dependences of surface plasmon resonance 
modes of graphene nanostructures. 
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bubble radius as a function of t* in Figure 3a, which is also pro-
portional to the laser power P as per the scaling in Equation (6).

The ability to tune the properties of the Ag rings is crucial 
for their applications.[36] We have experimentally established a 
correlation between the incident laser power and the resultant 
ring diameter, which can be modulated between 1.08 ± 0.07 and 
2.02 ± 0.08 µm (Figure 3b). The increased ring diameter at the 
elevated laser power is attributed to the increased bubble size 
due to the larger amount of vapor generated. A further increase 
of the laser power causes unstable bubble growth, resulting in 
a large variation (σ > 15%) in the Ag ring diameter. Additional 
scanning electron microscopy (SEM) and atomic force micros-
copy (AFM) images of the ring arrays are shown in Figure S3 
(Supporting Information). The ring composition is analyzed by 
EDS mapping. As shown in Figure S3d–f (Supporting Informa-
tion), Ag is concentrated along the ring and Au is spread out all 
over the substrate.

We measured the infrared transmission spectra of the vari-
able arrays of Ag rings (60 µm × 50 µm) on the AuNI substrates. 
Due to the symmetric nature of the Ag ring, there is no depend-
ence on the polarization of the incident infrared beam. As 
shown in Figure 3c, all the arrays exhibit transmission dips in 
the mid-infrared regime, which arises from the surface plasmon 
resonances at the rings. The resonant wavelength varies from 
3.8 to 4.6 µm when the Ag ring diameter is increased, as shown 
in the SEM images in the inset of Figure 3c. A further analysis 
of the SEM images shows that the ring diameter increases from 
1.08 to 2.02 µm and the ring width is between 130 and 200 nm.

We did electromagnetic simulations using finite-difference 
time-domain (FDTD) method to better understand the experi-
mental optical spectra of the Ag rings. As shown in Figure 3d, 
the resonant peak wavelength, bandwidth, and symmetry of 
the simulated spectra are comparable to the experimental data 
(Figure 3c). A further study of the electric-field distribution at 
a single Ag ring indicates that the resonance arises from the 
dipolar plasmon mode (Figure S4, Supporting Information). 
The resonance tunability of the Ag rings is expected to ben-
efit SEIRA and other sensing applications where a good match 
between the resonant wavelength and the wavelength of the 
vibrational mode of the molecular analytes is preferred.

With the visible and infrared surface plasmon resonances 
that arise from the AuNIs and Ag rings, the Ag ring-AuNI sub-
strate presents an opportunity to achieve dual-mode surface-
enhanced optical spectroscopies. We demonstrate SEIRS of 
TNT and SERS of R6G and CV. As shown in Figure 4a, the aro-
matic (3.43 µm) and aliphatic (3.51 µm) CH stretch bands of 
TNT on the Ag ring-AuNI substrate are enhanced via SEIRS.[25] 
The signal enhancements highly depend on the match between 
vibrational (ωvib) and plasmonic frequencies (ωp). No vibra-
tional signal is observed when there is a large frequency mis-
match. To further elucidate the plasmon-molecular vibration 
coupling, we obtain the baseline-corrected SEIRS spectra. As 
shown in lower panel of Figure 4a, clear Fano-line sharp fea-
tures appear in the spectra due to the coupling between the 
vibrational and plasmonic excitations, confirming the SEIRS 
effect.

Adv. Optical Mater. 2018 , 1701213

Figure 3. a) Calculated temporal evolution of the bubble radius and the growth rate in the nondimensionalized form. b) Measured ring diameter as a 
function of the incident laser power. c) The relative transmittance spectra of the arrays of Ag rings fabricated at the variable laser power. The spectra 
were normalized with respect to that of the AuNI substrate as background. The inset shows representative SEM images of four individual rings that 
increase their diameters (1.08, 1.35, 1.67, and 2.02 µm) when the incident laser power changes from 0.53 to 0.89 mW µm−2. Figure S5a (Supporting 
Information) denotes the spectra in the visible region. d) The FDTD-simulated relative transmittance spectra for the Ag rings in (c).
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Figure 14. (Left) Schematic illustration of transmission extinction measurement of graphene moiré metasurfaces. The 
graphene nanostructures illuminated by incident light are excited to support surface plasmon resonances, resulting extinction 
in transmission. (Right) Measured extinction spectra of three graphene moiré metasurfaces with different patterns. The black 
and white areas in SEM images are graphene and substrates, respectively. The scale bars are 1.5 μm. 

 
Black phosphorus (BP) has attracted rapidly growing attention for high speed and low power 

nanoelectronics owing to its compelling combination of tunable bandgap (0.3 to 2 eV) and high carrier 
mobility (up to ∼1000 cm2/V-s) at room temperature. With Deji Akinwande’s group at UT, we reported 
the first radio frequency (RF) flexible top-gated BP thin-film transistors on highly bendable polyimide 
substrate for GHz nanoelectronics applications.  The FTIR was instrumental in enabling us to determine 
the fundamental bandgap of the mechanically exfoliated black phosphorus flakes that functioned as the 
semiconducting channels.  The BP flake thicknesses were only 10−25 nm thick, which made for a 
challenging absorption experiment; additionally the flakes were only a few microns in lateral extent, as 
seen in the representative optical microscopy image Figure 15a. Therefore, the scanning IR microscope 
functionality was essential for the absorption measurements.  

 

 
Figure 15. (a) Optical image of multilayer BP flake with uniform thickness of 13 nm as determined by AFM 
shown as the red line. (b) Raman spectrum of a typical BP flake with incident laser polarization within a close 
affinity to AC and ZZ directions, respectively. A 532 nm green laser was used to obtain the Raman spectrum. (c) 
A representative Tauc plot for estimating the optical bandgap, which confirms a gap of ∼0.3 eV in the bulk limit. 
Insert is the absorption coefficient of BP derived from Fourier transform infrared (FTIR) spectrum. (d) Picture of 
fabricated flexible TG BP devices on highly bendable polyamide substrate.  

 

Results. In this work, mechanically exfoliated black
phosphorus flakes with typical thickness of 10−25 nm were
selected as the semiconducting channels. Optical microscopy
image of a typical BP sample is shown in Figure 1a with

uniform thickness ∼13 nm verified by atomic force microscopy
(AFM). The crystalline nature of BP was verified by Raman
spectroscopy with incident laser (λ = 532 nm) polarized along
both armchair (AC) and zigzag (ZZ) directions, as shown in
Figure 1b, where the ratio among characteristic peaks of Ag

1,
B2g, and Ag

2 clearly indicates the in-plane orientations.18,21 For
exfoliated BP flakes with thickness more than 10 nm, the
theoretical bandgap is ∼0.3 eV,19 which is confirmed in Figure
1c by Fourier transform infrared (FTIR) spectroscopy that is
represented as a Tauc plot ((αhν)2 = hν − Eg),

22,23 an

established method for determining the optical band gap. hν is
the photon energy, Eg is the optical bandgap, and α is the
absorption coefficient. As shown in Figure 1d, highly bendable
Kapton polyimide (PI) sheets ∼125 μm thick were adopted as
the substrate for the flexible BP transistors with double sided
solution-based PI thin film coating and curing process applied
to smoothen the substrate to about 1 nm surface rough-
ness.10,12,24 A 25 nm Al2O3 dielectric thin film was then
deposited using atomic layer deposition (ALD) at 250 °C on
top of the PI substrate to provide (i) a high-k environment for
enhancing carrier mobility by suppressing charge impurity
scattering,12,25 and (ii) better adhesion between the BP channel
material and the substrate.
To fabricate the flexible TG BP transistors as illustrated in

Figure 2a, the source and drain metal contacts were defined by
electron beam lithography (EBL) followed by electron beam
evaporation of Ti/Au = 1.5 nm/50 nm with Au selected to
enhance the p-type transport due to its relatively large work
function.26 Subsequently, 25 nm of Al2O3 was deposited again
at 250 °C to serve as the high-κ top-gate dielectric. TG
electrodes were formed by EBL followed by e-beam
evaporation of Ti/Au = 1.5 nm/50 nm. Here, a dual-finger
TG structure with an underlap configuration was adopted to
enhance the current transport as well as to reduce parasitic
capacitance between TG and S/D electrodes.10,12,27 In order to
preserve the pristine electrical properties of the flexible TG BP
transistors, ambient exposure time of hygroscopic BP
channel28,29 was minimized during the aforementioned nano-
fabrication process by (i) immediate poly(methyl methacrylate)
(PMMA) coating after the exfoliation of the BP flakes onto the
flexible PI substrate, where PMMA layer functions as both an
effective encapsulation layer for BP characterization and the e-
beam resist for subsequent device fabrication, and (ii)
immediate ALD deposition of 25 nm Al2O3 after S/D metal
liftoff process, where the Al2O3 layer functions as both TG
dielectric and the encapsulation layer.26,28,29

Enhanced p-type current transport was obtained from the
DC characteristics of the flexible TG BP transistors as shown in
Figure 2b,c. The transport measurements were conducted using
a Cascade probe station and an Agilent 4156 semiconductor
parameter analyzer. Low-field hole mobility μp ∼ 233 cm2/V·s
was extracted using the Y-function method30 from the transfer
characteristics, as shown in Figure 2b, which is comparable with
prior works of bottom-gated (BG) flexible BP transistors26 and
TG BP transistors on rigid Si substrates.27 The contact

Figure 1. (a) Optical image of multilayer BP flake with uniform
thickness of 13 nm as determined by AFM shown as the red line. (b)
Raman spectrum of a typical BP flake with incident laser polarization
within a close affinity to AC and ZZ directions, respectively. A 532 nm
green laser was used to obtain the Raman spectrum. (c) A
representative Tauc plot for estimating the optical bandgap, which
confirms a gap of ∼0.3 eV in the bulk limit. Insert is the absorption
coefficient of BP derived from Fourier transform infrared (FTIR)
spectrum. (d) Picture of fabricated flexible TG BP devices on highly
bendable PI substrate.

Figure 2. Flexible top-gate BP transistor structure and DC performance at 300 K. (a) Illustration of flexible TG BP transistor. Dual-finger TG
structure was adopted with Ti/Au = 1.5 nm/50 nm as both the source/drain and gate electrode stack. Twenty-five nanometer Al2O3 was employed
as the TG dielectric as well as the protection layer for air stability. (b) Transfer characteristics of fabricated device featuring high-mobility p-type
charge transport. VDS = −0.1 V. The extracted low-field hole mobility ∼233 cm2/V·s. (c) Output characteristics of the same device showing soft
current saturation. The W/L = 10.8 μm/0.5 μm, and flake thickness is 13 nm.
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The flake in Figure 15a had uniform thickness of ∼13 nm verified by atomic force microscopy 
(AFM). The crystalline nature of BP was verified by Raman spectroscopy with incident laser (λ = 532 
nm) polarized along both armchair (AC) and zigzag (ZZ) directions, as shown in Figure 15b, where the 
ratio among characteristic peaks of Ag1, B2g, and Ag2 clearly indicates the in-plane orientations. For B2g, 
and Ag exfoliated BP flakes with thickness more than 10 nm, the theoretical bandgap is ∼0.3 eV, which 
is confirmed in Figure 15c by Fourier transform infrared (FTIR) spectroscopy that is represented as a 
Tauc plot ((αhν)2 = hν − Eg) an established method for determining the optical band gap. hν is the 
photon energy, Eg is the optical bandgap, and α is the absorption coefficient. As shown in Figure 15d, 
highly bendable Kapton polyimide (PI) sheets ∼125 μm thick were adopted as the substrate for the 
flexible BP transistors with double sided solution-based PI thin film coating and curing process applied 
to smoothen the substrate to about 1 nm surface roughness.  
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